Sterol side-chain (C-24) methylation was assayed by incorporation of radioactivity from [Me-'T]methionine into the ergosterol fraction in cells of the pathogenic fungi Candida albicans, Candida parapsilosis and Trichophyton mentagrophytes. Methylation at C-24 occurred after nuclear demethylation in all cases. The method was used to measure ergosterol biosynthesis inhibition by the allylamine antimycotics naftifine and S F 86-327, which are known to block squalene epoxidation. In C. albicans cells treated with SF 86-327 (1 mg 1-I) to fully inhibit squalene epoxidation, C-24 methylation continued for several hours at about 40% of the control rate. This residual biosynthesis was probably due to methylation of endogenous sterol precursors. The degree of residual biosynthesis in the three fungi correlated well with their susceptibility to SF 86-327. The highly susceptible dermatophyte T. mentagrophytes had negligible residual sterol biosynthesis. These differences were not due to inhibition of methionine uptake. For naftifine (100 mg 1 -l ) there was evidence of a second inhibitory action in C. albicuns. A cell-free assay indicated that this was due to direct inhibition of the C-24 met hyltransferase.
Sabouraud dextrose broth, pH 6.5, as described previously (Ryder e! al., 1984) . Late exponential phase cells (18 h) were harvested and washed by centrifugation. T. mentagrophytes shake cultures were grown for 90 hand harvested by gravity filtration on a glass sinter.
Anrimycotic agents. The allylamines naftifine and SF 86-327 were synthesized at the Sandoz Forschungsinstitut, Vienna .
Measurement of ergosterol biosynthesis in whole cells. Washed cells were incubated with radiolabelled substrates as described by . The incubation medium A was yeast nitrogen base (Oxoid), without amino acids or (NH&SO4, containing 1 % (w/v) glucose and adjusted to pH 6.5. Cells were incubated at different pH values in medium B, which contained 25 mM-potassium phosphate buffer and 1 % (w/v) glucose. Test compounds were added dissolved in ethanol (final concentration 1 %, v/v) and preincubated for 10 min with the cells.
For measurement of sterol side-chain methylation, the substrate was ~-[Me-l~C]methionine [Amersham, 1 pCi (37 kBq) per 5 ml incubation]. Unlabelled L-methionine was added to give a final concentration of 1 mmol l-I with Candida cells or 0.25 mmol l-I with 7'. mentagrophytes. Parallel incubations were done using as substrate [U-'Tlacetate (Amersham), final specific activity 0.4 Ci (14.8 GBq) mol-I . The standard incubation period was 3 h. Subsequent procedures for harvesting cells, extracting non-saponifiable lipids, isolating sterols by thin layer chromatography and counting radioactivity were as previously described Ryder, 1985) .
Methionine uptake by cells. Incubations with [Me-lSC]methionine were as described above. At intervals, 1 ml samples were removed and collected on glass fibre filters (Whatman GFA, 25 mm) under vacuum. Filters were washed with medium containing 1 mM-methionhe, dried and counted for radioactivity, with correction for zero time controls.
Sterol side-chain methylation in cell-jree extracts. Two assays were used, similar to those described by Nishino et al. (1980 Nishino et al. ( , 1981 . (a) Cell-free extracts of C. albicans and C. parupsilosis were prepared and incubated with cofactors as described by , except that the substrate was either ~-[Me-'~]rnethionine [56.7 Ci (2.1 TBq) mol-I, 1 pCi (37 kBq) ml-I] or S-adenosyl-~-[Me-'~C]methionine [Amersham, 0.5 Ci (18.5 GBq) mol-I, 0.125 pCi (4.625 kBq) ml-'1. (b) Washed microsomal membranes of C. albicans were prepared in 50 mM Tris/HCI buffer, pH 7.5, containing 0-5 mM-dithiothreitol, by the method of Ryder & Dupont (1984) . Samples (0-5 ml) for incubation contained 2.2 mg microsomal protein, 0.2 pCi (7.4 kBq) S-adenosyl-~-[Me-'~C]methionine and 5 mMMgSO, in Tris buffer as above. Subsequent procedures were as for cell-free extracts .
E.vperzmentaf design. For measurement of the incorporation of label into sterols, a suitable quantity of [ 1 ,2-3H]cholesterol (Amersham) was added as an internal standard to correct for losses. The IT-labelled products were measured by dual-label scintillation counting . All experiments included at least three replicate incubations per treatment, with standard deviations routinely within 10% of the mean value. All experiments were repeated to obtain consistent results.
R E S U L T S
Sterol side-chain methylation in C. albicans cells C. albicans cells rapidly incorporated radioactivity from [Me-14C]methionine into sterols, the rate being linear with time for at least 3 h (Fig. 1) . More than 95% of the radioactivity incorporated into the total non-saponifiable lipids was recovered in the ergosterol fraction, with only trace incorporation into squalene and 4-methyl sterols (Table 1) . This pattern of labelling was confirmed by autoradiography of thin-layer separations of the non-saponifiable lipids as described by ; only the band corresponding to ergosterol was labelled. The lack of significant incorporation into squalene (Table 1) indicates that randomization of the label did not occur and that incorporation was solely into the sterol side-chain. Treatment of C. albicans cells with SF 86-327 (1 mg 1-l) fully inhibited squalene epoxidation (see below) so that any randomized label would have accumulated in the squalene fraction in these cells. Treatment of cells with ketoconazole (1 mg 1-l), which blocks lanosterol 14a-demethylation (Van den Bossche et al., 1980) , caused only a slight accumulation of label in the 4,4-dimethylsterol fraction ( Table 1) .
The radiolabelled pro-duct of methionine incorporation (ergosterol fraction) was confirmed as a sterol by precipitation as the sterol digitonide by the method of Popjak (1969). Using [3H] cholesterol as an internal standard, more than 98% of the product was recovered by this procedure. Sinefungin, a specific inhibitor of transmethylation reactions (McCammon & Parks, 198 1) strongly inhibited the side-chain methylation reaction at concentrations > 0.1 mM (Table 2) , but had little effect on the biosynthesis of 4-desmethylsterols as measured by acetate incorporation, indicating that side-chain methylation occurred after nuclear demethylation. The inhibitory effects of sinefungin and SF 86-327 were additive when using either substrate (Table 2) . Table 3 shows the inhibitory effect of SF 86-327 and naftifine on sterol biosynthesis in C. albicans cells, measured either from the beginning of the pathway (acetate incorporation) or towards the end (side-chain methylation). SF 86-327 caused virtually total inhibition of squalene epoxidation, and hence acetate incorporation, at concentrations above 1 mg 1-I. However, a significant degree of ergosterol biosynthesis still occurred when measured by side-chain methylation, a feature also shown in Tables 1 and 2 . This residual, reduced rate of biosynthesis was detectable for at least 5 h after addition of inhibitor ( Fig. 1 ) and was not appreciably inhibited by SF 86-327 up to 100 mg I-' (Table 3) . Naftifine had a similar effect (Table 3 ) but at 100 mg 1-' appeared to cause a further inhibition of side-chain methylation, indicating the possible existence of a second inhibitory action at this higher concentration of naftifine. A lower level of residual biosynthesis was seen in cells treated with ketoconazole (Table l) , which inhibits a later stage in the pathway. Sterol side-chain methylation from [Me-' 4C]methionine in cells of C. parapsilosis and T. mentagrophytes was similar to the system described in C. albicans. The incorporation of label was linear with time for at least 3 h and was exclusively into the ergosterol fraction, SF 86-327
Inhibition by SF 86-327 and nafilfine in diflerent fungi
(1 mg 1-l) caused full inhibition of squalene epoxidation (acetate incorporation) in cells of all three fungi (Ryder, 1985) . However, residual side-chain methylation was reproducibly low in C. parapsilosis and virtually absent in T. mentagrophytes (Table 4) . In these two fungi, inhibition of sterol biosynthesis by SF 86-327 was dose-dependent when measured either by acetate incorporation or by side-chain methylation.
Eflect of incubation medium and pH
In the two Candida species, measured rates of sterol side-chain methylation were about 1 nmol (mg cell dry weight)-' h-I in medium B (pH 6.5) and twice this value in medium A. The respective rates in T. mentagrophytes were about 25% of those in Candida, reflecting the lower growth rate of the dermatophyte. Choice of medium did not influence the linearity of incorporation with time, or the degree of inhibition by SF 86-327. However, in complete yeast nitrogen base medium (initial pH 6.5), side-chain methylation in C. albicans cells was inhibited for only about 1 h in the presence of SF 86-327 (1 mg I-') and then reverted to the control rate. This was found to be due to a rapid acidification of the medium to pH 2.5 as a result of NH,+ uptake into the cells. The pH sensitivity of the inhibitory action of SF 86-327 has previously been shown in Candida (Ryder, 1985) , by measuring acetate incorporation into sterols. The sidechain methylation technique was used to demonstrate the pH sensitivity of inhibition in T. mentagrophytes at low concentrations of SF 86-327 (Fig. 2) , with maximal inhibition at pH 8.
Inhibition was maximal at pH 6-5 in C. albicans cells, measured either by acetate incorporation (Ryder, 1985) or side-chain methylation as described here. Maximal rates of incorporation of radioactivity from [Me-*4C]methionine into sterols in control cells occurred at pH 6.5 in T.
mentagrophytes, at pH 5.0 in C . parapsilosis and at pH 3.5 in C. albicans.
Role ojmethionine uptake by cells In C. albicans cells, the rate of methionine uptake under standard assay conditions was linear with time for at least 3 h and with methionine concentrations within the range 0-1 to 1 -0 mmol 1-. Sterol side-chain methylation rate was independent of methionine concentration in the range 0.25 to 5.0 mmol 1-I. Percentage inhibition by SF 86-327 (1 mg 1-I) was constant in the range 0.1 to 5.0 mM-methionine.
At concentrations up to 10 mg l-l, SF 86-327 and naftifine had no detectable effect on methionine uptake by cells of the three fungi used in this study. This rules out any possibility of the apparent variation in inhibition of side-chain methylation (Table 4) being due to effects on substrate uptake. Naftifine (100 mg 1-I) was previously reported to cause about 50% inhibition of methionine uptake in C. albicans (Ryder, 1984) . SF 86-327 did not have this effect in any of the three fungi tested.
Sterol side-chain methylation in cell-free extracts
Cell-free assays using Candida were established to test for direct inhibition of the methyltransferase as a possible explanation for the effects in whole cells. In all cases incorporation of radioactivity was linear with time within the 3 h assay and was exclusively into the ergosterol fraction (confirmed by autoradiography). Table 5 shows the results of C . albicans cell-free assays. Cell-free extracts supplemented with cofactors are capable of synthesizing 4-desmethylsterols from precursors such as mevalonate or squalene (Ryder & Dupont, 1984) . Under these conditions therefore, part of the measured incorporation from [Me-14C]methionine was into sterols synthesized from endogenous precursors. This portion was sensitive to inhibitors such as ketoconazole and the allylamines (Table 5 ). At 100 mg 1-*, naftifine was more effective than either SF 86-327 or ketoconazole, confirming the second inhibitory effect seen in whole C . albicans cells (Table 3 ). The second cell-free assay used, with Sadenosyl-~-[Me-~~C]methionine as substrate, measured only the methyltransferase reaction to an endogenous acceptor, since washed microsomes alone are incapable of effecting the later stages of ergosterol biosynthesis (Ryder & Dupont, 1984) . In this case, only naftifine (100 mg 1-I) caused significant inhibition ( Table 5 ).
In C. parapsilosis cell-free extracts, SF 86-327 and naftifine at concentrations up to 10 mg 1-l had no significant effect on side-chain methyl transfer from S-adenosylmethionine. Effects in T. rnentagrophytes could not be tested, due to the absence of detectable methyltransferase activity in cell-free extracts of this fungus.
DISCUSSION
Incorporation of [Me-14C]methionine into the ergosterol side-chain proved to be a valuable technique for the measurement of ergosterol biosynthesis and its inhibition in fungal cells. The validity of the method described here was confirmed by the specific incorporation of radioactivity into the ergosterol fraction, the lack of incorporation into squalene and the recovery of the labelled product as sterol digitonide. In addition, the system was inhibited by several classes of compound (allylamines, imidazoles and sinefungin) known to inhibit ergosterol biosynthesis at progressively later stages in the pathway (squalene epoxidase, lanosterol 14a-demethylation and C-24 methylation respectively).
C. albicans cells of both wild type and polyene-resistant strains have previously been reported to contain 4a-methyl-and 4,4-dimethylsterols methylated at C-24 (Fryberg et al., 1975a; Subden et al., 1977; Pierce et al., 1978) . This indicates that C. albicans is able to effect side-chain methylation before nuclear demethylation at C-4 and C-14, a sequence known to occur in some filamentous fungi (Goulston et al., 1967) . Furthermore, C. albicans cells blocked at C-14 demethylation by treatment with azole antimycotic agents accumulate 24-methylenedihydrolanosterol and other 14a-methyl sterols methylated at C-24 (Van den Bossche et al., 1978 Bossche et al., , 1980 ;  Berg et a f . , 1984) . However, the results of the present study indicate that 24-methylation occurred predominantly after nuclear demethylation in normal Candida cells. Even under treatment with ketoconazole to block 14a-demethylation, C-24 methylation of the 4,4-dimethylsterol (lanosterol) fraction amounted to only about 5 % of total sterol C-24 methylation in controls. The lack of effect of sinefungin, a transmethylation inhibitor, on acetate incorporation into ergosterol supports this view. Radiolabelling studies with S. cereuisiae (Moore & Gaylor, 1970; Parks et af., 1974; Osumi et al., 1978) also showed that C-24 methylation occurred primarily at the level of the 4-desmethylsterols, the normal methyl acceptor being zymosterol. The occurrence under certain conditions of C-24 methylation earlier in the pathway may be explained by the results of analytical and labelling studies both with S . cerevisiae (Barton et a!., 1973; Fryberg et al., 1973 Fryberg et al., , 1975b ) and with C. albicans (Fryberg et a[., 1975a) . These provided evidence for a network of pathways in the late stages of ergosterol biosynthesis, the enzymes apparently having relatively low substrate specificity.
Allylamines and sterol C-24 methylation I601
In the side-chain methylation assay, C. albicans cells continued ergosterol biosynthesis at about 40% of the control rate for several hours, in the presence of SF 86-327 concentrations which completely blocked incorporation of acetate into ergosterol. A similar effect has been described in Acerpseudoplatanus tissue culture cells treated with the sterol biosynthesis inhibitor compactin (Ryder & Goad, 1980) . The residual biosynthesis in C. albicans was most probably due to methylation of sterol originating from precursors distal to squalene epoxidase, the primary point of inhibition by the allylamines (Ryder, 1984; Petranyi et al., 1984) . This is supported by the earlier finding that ergosterol precursors disappear from C. albicans cells treated with a growth-inhibiting concentration of naftifine. This precursor pool may exist in the form of sterol esters, which in S . cerevisiae are utilized for ergosterol biosynthesis under conditions of sterol deficiency (Nagai et al., 1977; Taketani et al., 1978) .
The phenomenon of residual ergosterol biosynthesis in SF 86-327-treated cells may provide a clue to the great variation in susceptibility of different fungi to the allylamine antifungal agents. The degree of residual biosynthesis occurring correlates very well with the in vitro susceptibility of the three fungi tested (Table 4 ). The continuation of sterol synthesis in C. albicans cells treated with SF 86-327 may enable them to withstand low concentrations of the drug by maintaining a very low level of growth. In contrast, the extremely effective and fungicidal action of the allylamines against dermatophytes such as T. mentagrophjltes (Georgopoulos et al., 198 1 ; Petranyi et al., 1984) is probably due to the immediate and total cessation of ergosterol biosynthesis induced by these drugs.
The low level of residual sterol synthesis in SF 86-327-treated cells of C. parapsilosis, and its absence in T. nzentugrophytes, could be caused by a lack of precursor pools, an inability to utilize them, or the occurrence of a second point of inhibition later in the pathway. In C. parupsilosis, no evidence could be found for inhibition of steps distal to squalene epoxidase (Ryder, 1985) . In addition, SF 86-327 and naftifine up to 10 mg 1-1 had no effect on the cell-free sterol side-chain methylation assay in this fungus. In C . albicans cells treated with SF 86-327 (1 mg l-l), further inhibition of the residual side-chain methylation rate can be taken as an indication of inhibition distal to squalene epoxidase, as shown here by naftifine (100 mg 1-'). This effect was not due to the previously reported partial inhibition of methionine uptake (Ryder, 1984) since it could be reproduced in the cell-free methylation assays. In addition to squalene epoxidase inhibition, naftifine thus appears to possess at least two further actions -on cellular uptake and on C-24 methylation -when present at high concentrations. This may enhance the efficacy of naftifine as a topical antimycotic agent. 
